The glow discharge has a long history of application in the field of analytical chemistry, 1 and has been found to be a potential spectroscopic source for atomic emission [2] [3] [4] 
and mass spectrometric [5] [6] [7] [8] studies.
In addition, glow discharge spectrometry requires minimum sample pretreatment and covers a wide concentration range. In analytical applications, direct sampling by cathode sputtering and excitation processes in the plasma constitutes a very promising means of direct solid analysis. However, typical glow discharge plasmas ionize only 1% of the sputtered atoms 9 and are limited to the analysis of only conducting samples. 10 These limitations may be overcome by utilizing laser irradiation for sample introduction into the plasma, which is equally usable for both conducting and nonconducting materials.
The glow discharge lamp used in this study was constructed with a slight modification in a conventional Grimm-style lamp, 11 whose electrode structure corresponds to a hollow cathode glow discharge (HCGD) lamp. The coupling of the HCGD with laser ablation resulted into a novel analytical spectrometric technique, and is considered to improve the detection efficiency of the measuring system.
The conventional techniques such as spark discharge and x-ray fluorescence spectrometry, presently in use in the steel industry 12 might not be effective in the near future as a result of improvements in the refining technologies, and because of their insufficient sensitivities to determine the contents at sub-ppm levels. These requirements have enhanced the need to develop new analytical techniques with high precision and better accuracy.
The proposed technique suggests a possible analytical method suitable for this purpose, and would be employed for the strict control of alloy elements, such as chromium, manganese, nickel, and copper in the steel-making processes, resulting in improvements of the physical and chemical properties of steel materials.
Experimental
A schematic diagram of the experimental setup is shown in Fig.  1 . In the new arrangement, the structure of the conventional Grimm-style glow discharge lamp is retained as such; rather, the polarity of the power supply is reversed. As a result, the sample electrode no longer acts as a cathode, as is the case in the normal Grimm-style glow discharge. The cylindrical hollow tube becomes the cathode and a glow discharge is produced within this hollow tube. A novel atomic emission spectrometry comprising laser ablation as a sampling source and hollow cathode plasma for the excitation of ablated sample atoms is proposed. In this arrangement, a conventional Grimm-type discharge lamp is employed, but the polarity of the power supply is reversed so that the cylindrical hollow tube acts as a cathode and the glow discharge plasma is produced within this tube. A laser is irradiated to introduce sample atoms into the discharge plasma. Ablated atoms are excited by collisions with electrons and gas species, and emit characteristic radiation upon deexcitation. The experiments were conducted only in an atmosphere of helium gas so as to avoid a rapid erosion of the cathode hollow tube. Phase-sensitive detection with a lock-in amplifier was utilized to reject the continuous background emission of the plasma gas and emissions of sputtered atoms from the tube material. The unique feature of this technique is that the sampling and excitation processes can be controlled independently. The proposed technique was employed for the determination of Cr, Mn, and Ni in low-alloyed steel samples. The obtained concentrations are in good agreement with the reported values. The relative standard deviation (RSD), a measure of the analytical precision, was estimated to be 2 -9% for Cr, 3 -4% for Mn, and 4 -11% for Ni determination. An alloy sample after polishing with water-proof abrasive papers and rinsing with ethanol was placed at the sample port. High-purity helium gas (99.9999%) was introduced after evacuating the chamber down to 0.03 Torr with rotary pumps (SD-2010, ALCATEL, Japan). The gas pressure was measured with a Pirani gauge (ULVAC WP-01, Japan) and a capacitance monometer (ULVAC CCM-1000 and GM-2001, Japan) placed between the evacuation port and the rotary pump. A hollow electrode made of brass and having a diameter of 8.0 mm was used throughout the measurements. A stable glow discharge was maintained by employing a power supply (Model PAD 1K-0.2L, Kikusui Electronics Corp., Japan) in the constant current mode having a maximum limit of 200 mA. The lamp was mounted on a moving stage to be oscillated continuously, forming a loop in the horizontal (2 mm) and vertical directions (2 mm, step 0.5 mm). A laser diode (LD) pumped Q-switched Nd:YAG laser (S-210, LIGHTWAVE Electronics, USA) at a wavelength of 1064 nm and a repetition rate of 1 kHz was used for sample ablation. The average energy for each pulse was 0.76 mJ at that repetition rate, whereas the spot size diameter was about 160 µm. The spectra were recorded using a scanning spectrograph (Model GE100, Shimadzu Corp., Japan) equipped with a photomultiplier tube (Model R955, Hamamatsu Photonics, Japan), and the data were collected on a personal computer.
Results and Discussion
In the proposed technique, a glow discharge is produced inside the hollow tube, while an annular cathode dark space clings to the inside of the cathode tube. An anode dark space is considered to be confined within the space between the sample and the hollow cathode tube. Electrons ejected from the cathode surface are accelerated in the cathode dark space, obtaining energies of up to the cathode fall voltage. These electrons collide with the plasma gas species while moving towards the anode; some of these are trapped within the glow discharge region of the plasma due to the potential well (of the cathode dark space) and contribute their energies for excitation of the ablated sample atoms. The high-frequency laser system (producing each pulse having a lower peak power) used in the present study was not strong enough to produce a laser-induced plasma capable of exciting a significant number of the ablated atoms, although the laser enables sample atoms to be ejected. It is therefore considered that the laser irradiation merely acts as a sampling source.
The major excitation processes taking place within the negative glow region are as follows.
Direct electron collision excitation process:
Three body recombination process involving electrons:
Here, M stands for an ablated metal atom, and * and + represent the excited and ionized states.
Sputtering of hollow tube
In a glow discharge tube, the interaction of gaseous positive ions with the cathode surface leads to sputtering of the cathode material. Along with the cathode structure, the relative masses of the sputtered atoms and the impinging gas ions play a major role in determining the sputtering rate occurring in the glow discharge tube. Gas ions having masses closely approximating that of the target atoms should be the most efficient sputtering agents. Therefore, pure helium having a much smaller mass compared with metal atoms, is supposed to produce small sputtering yields. The choice of plasma gas in the present study was deliberately limited to helium gas for its poor sputtering ability to avoid rapid erosion of the hollow cathode tube.
Continuous background emissions of the plasma gas as well as emissions from the cathode material may be eliminated by employing the phase-sensitive detection of a lock-in amplifier. In this arrangement, modulated emission signals synchronized with the laser frequency are preferentially detected, leaving aside the emission signals originating from the plasma gas or the cathode material species. Iron spectra recorded with a lockin detection and a conventional chopper modulation method are compared in Fig. 2 . In the former case, called a laser modulation method, the helium emission line (He I 373.28 nm) is completely eliminated, indicating the effectiveness of the system in differentiating the modulated signals from the nonmodulated emissions. It is evident from Fig. 2 that the sampling of ablated atoms can be independently controlled from the excitation process in contrast to the conventional glow discharge measurements. 
Optimization of experimental parameters
Effect of the discharge current. The variation in the emission intensity with an increase in the discharge current, at a fixed helium gas pressure of 3 Torr, is shown in Fig. 3 . The intensity increases with increasing current, which may be attributed to an increase in the electron number density. 13 It ultimately increases the probability of collision excitation of the ablated sample atoms. Effect of the laser repetition rate. The relationship between the laser repetition rate and the emission intensity is shown in Fig.  4 . The maximum intensity is observed at 1 kHz, and shows a decreasing trend afterwards, which is explained from the variation in the laser power per pulse with laser frequency:
14 the laser power decreases with the laser frequency. Irradiation at 1 kHz (the highest laser power) could introduce larger amounts of the ablated material into the plasma, so that larger emission intensities would be observed. However, at higher repetition rates, the amount of the ablated materials is reduced, leading to a decrease in the emission intensities. Effect of the pressure. The effect of plasma gas on the emission intensity of Fe and Ni lines is shown in Fig. 5 . The maximum intensity is observed at 3 Torr, and gradually decreases with an increase in the helium gas pressure. The observed behavior may be explained in terms of a radial distribution of the electron number density within the hollow cathode tube. It has been reported in the literatures 15, 16 that the electron number density varies with the pressure increase, as shown in Fig. 6 . Accordingly, at lower gas pressures, the electron number density has the maximum value at the center of the tube, but collapses to an annular shape and moves towards the tube wall with increasing gas pressures. The decrease in the electron number density at the center (when increasing the pressure) may be a possible reason for the decrease in the emission intensity, as observed in Fig. 5 , since the observation point in this measuring system was focused at the center of the glow discharge.
Analytical application
Based upon optimization of the parameter stated above, the experimental measurement conditions were fixed as follows: a discharge current of 200 mA, a helium gas pressure of 3 Torr, and a laser repetition rate of 1 kHz.
Calibration plots for Cr, Mn and Ni were drawn by using several NBS standard reference materials (Nos. Low alloy steel samples of known chemical composition were employed to determine the precision and the accuracy of the proposed technique. The composition of the samples is given in Table 1 . The analytical results in terms of the atomic ratio are given in Table 2 . The concentration of the alloy elements in the samples determined by the proposed technique are in good agreement with the reported values which is an indication of the accuracy of the measuring system. The relative standard deviation (RSD), a measure of the analytical precision in Cr determination was estimated 2 -9%, and the RSD for Mn and Ni was 3 -4% and 4 -11%, respectively. The relatively large RSD values in the case of Ni were considered to be due to smaller emission intensities of the Ni I 352.45-nm line, which would introduce larger errors in the assessment of the emission intensities.
Conclusion
A novel excitation source for atomic emission spectrometry, comprising a laser ablation system and a helium hollow-cathode plasma, is introduced. The distinct feature of the proposed technique is the fact that the process for sample introduction and the excitation of the ablated atoms can be controlled separately. The hollow cathode plasma, the sole excitation source in the present technique, is energetic enough to excite the laser ablated atoms. The laser-ablation hollow-cathode emission technique has been found to be effective for improving the precision of analytical results in the determination of minor elements in lowalloyed steel samples. Further practical applications are under study and will be presented in our future papers. Owing to the quick analytical response, the proposed technique might be employed for on-site and direct analysis in the steel-making industry and to precisely control the alloying in the manufacturing processes. ANALYTICAL SCIENCES DECEMBER 2004, VOL. 20 
